Abstract--The catalytic activity of sepiolite from Amboseli, Tanzania, for the dehydration and dehydrogenation of ethanol at 150~176 has been studied using a flow reactor. Both reactions occur, but the catalyst activity decreases with use. The products include water, carbon dioxide, ethene, ethanal (acetaldehyde), diethyl ether, but-1,3-diene, but-2-enal (crotonaldehyde), and an unidentified aromatic compound. The proportions change with temperature, the dehydrogenation reaction being favored at the higher temperatures. The BET surface areas of the sepiolite are 316 m2/g (nitrogen adsorption at -197~ and 212 m2/g (ethanol vapor adsorption at 25~ assuming a molecular cross-sectional area of 24.6 A2), indicating a possible greater penetration of pores and channels by nitrogen compared with ethanol vapor under these conditions. The pore-size distribution reveals that approximately 55% of the surface area measured by nitrogen adsorption is contributed by micropores.
INTRODUCTION
Sepiolite is a hydrated magnesium silicate having an internal structure of channels which can accommodate zeolitic water and other molecules. On heating the structure loses water, resulting in a decrease in the surface area and micropore accessibility (Hayashi et al., 1969; Martin Vivaldi and Fenoll Hach-Ali, 1969; Nagata et al., 1974; Dandy and Nadiye-Tabbiruka, 1975; Fernandez-Alvarez, 1978; Serratosa, 1979) . Sepiolite has a high adsorptive capacity for many gases and vapors (Barrer et al., 1954; Dandy, 1968 Dandy, , 1969 Dandy, , 1971 Fenoll Hach-Ali and Martin Vivaldi, 1970; Serna and Fernandez-Alvarez, 1975; Serna and Vanscoyoc, 1979) . Lopez-Gonzalez et al. (1978) studied the adsorption of aminobutane (n-butylamine) on acid-activated sepiolite as an indicator of surface acidity. Serna and Vanscoyoc (1979) showed that methanol and ethanol penetrate the internal channels of sepiolite, replacing zeolitic water, and hydrogen bond to coordinated water molecules; subsequently they replace part of this coordinated water.
Sepiolite has uses in gas chromatography (Manara and Taramasso, 1972) and as a catalyst and catalyst carrier; e.g., for the hydrorefining of hydrocarbons and fuel oils (Whittam, 1977; Inooka et al., 1978a Inooka et al., , 1978b Ioka et al., 1978) and the isomerization of methyl pentenes (Aldhouse et al., 1969) . In view of the interest in natural sepiolite as a catalyst and the use of synthetic magnesium silicates as catalysts for the dehydrogenation of ethanol , a study of the interaction of ethanol with two types of sepiolite from deposits at Amboseli, Northern Tanzania, at 25~ and between 150~ and 300~ was undertaken, Nitrogen adsorption isotherms Copyright @ 1982, The Clay Minerals Society at -197~ were measured to give information on the surface area and porosity of this mineral.
MATERIALS AND METHODS
The sepiolite samples are from large deposits at the southern end of the Amboseli Basin in Northern Tanzania. The geology of this region has been described by Williams (1972) and by Stoessel and Hay (1978) . In these deposits, two different forms of sepiolite have been identified and labelled sepiolite 1 and sepiolite 2 (meerschaum). The latter is lighter in color and denser than sepiolite 1 and consists of shorter laths; it is used for the manufacture of meerschaum pipes.
The samples were identified by X-ray powder diffraction (XRD) using Ni-filtered CuKo~ radiation and taking as references an orthorhombic sepiolite (JPDS index) and a sepiolite from Kenya (Brindley, 1959) . Many of the diffraction effects are not well resolved, indicating that the samples are of imperfect crystallinity. In sepiolite 2, the presence of dolomite as a significant impurity was detected.
The samples were ground to 60-80 mesh and pressed into soft pellets. Ethanol (>99.5% purity) was boiled under vacuum and kept over Linde molecular sieve 4A before use. High-purity nitrogen was further purified with activated carbon at -197~ and stored over phosphorus pentoxide. A high-vacuum apparatus and a silica helix (McBain) arrangement was used for the gravimetric measurement of adsorption; the sensitivity of the helix was approximately 18.0 cm/g, measurements being made to an accuracy of 0.001 ram.
A flow reactor was used for the catalytic experiments. Ten grams of catalyst was contained in a glass tube reactor on a sintered glass disc. Temperature mea- surements were made with a thermocouple placed next to the disc. Catalyst samples were initially heated in the reactor at 150~ in a stream of hydrogen for 3 hr, after which the reactor was set to the chosen reaction temperature. In between runs, the catalyst was maintained at 150~ in hydrogen for approximately 1 hr. Nitrogen cartier gas was bubbled through ethanol contained in an evaporator. Three gas channels and two sampling valve systems allowed sampling of the ethanol reactant and reaction products for direct analysis in a Perkin Elmer F 11 gas chromatograph. Reaction mixtures were also frozen with liquid nitrogen for analysis by infrared (IR), ultraviolet (UV), and nuclear magnetic resonance (NMR) spectroscopy and by chemical means. For each experiment at a chosen reaction temperature, the carrier gas/ethanol vapor mixture at a constant flow rate was passed through the catalyst bed for 1 hr or more until a steady state was reached. Various flow rates between 0.2-1.3 cm3/sec were used in the experiments.
The ethanol concentration at a constant flow rate was also varied by changing the evaporator bath temperature between 5~ and 25~ Reaction products were analyzed at intervals of 30 min. The reactor temperature was increased from 150~ by intervals of 50~ to 300~ in each set of experiments using one catalyst sample.
RESULTS AND DISCUSSION

Adsorption experiments
Nitrogen at -197~ Type II isotherms (Brunauer et al., 1938) exhibiting hysteresis effects above a relative pressure of 0.5 were obtained from data of nitrogen adsorption on sepiolite 2 first outgassed (in vacuo) at 100~ ( Figure 1 ). The BET surface area, SBET, of sepiolite 2 calculated from the isotherm is 316 mZ/g. The t-plot surface area, St (de Boer et al., 1966) is 323 m2/ g, in good agreement. These values are smaller than those obtained for Amboseli sepiolite 1, which are SBET = 364 m2/g (Dandy, 197t) and St = 380 m2/g (Dandy and Nadiye-Tabbiruka, 1975) . This difference may be a result of the poorer crystallinity of sepiolite 2 compared with sepiolite 1, and/or of the dolomite impurity.
Pore-size distribution analyses were made using the methods of Brunauer et al. (1967) , as modified by Bodor et al. (1970) for wide pores (using the desorption branch of the isotherm), and Mikhail et al. (1968) , as modified by Hagymassy and Brunauer (1970) , for micropores. The volume of pores with radii greater than 15 A is 0.61 cm3/g, contributing 147 mZ/g to the surface area; the micropore volume (radii < 15 A) is 0.025 cm3/ g, with a surface area of 179 m2/g. The cumulative surface area is thus 326 m2/g, in good agreement with the SBE~ and St values. Approximately 55% of the surface area of sepiolite 2 is due to the 'internal' (micropore) area. This result is similar to that obtained for Amboseli sepiolite 1 (Dandy and Nadiye-Tabbiruka, 1975 ). Serna and Vanscoyoc (1979) quoted a similar (theoretical) ratio for Vallecas sepiolite which has a measured SBE~ (N2) value of 321 m2/g.
Ethanol at 25~ Ethanol adsorption on sepiolite 2 first outgassed in vacuo at 100~ yielded Type II isotherms (Figure 2 ), from which a SBET value of 212 m2/g was calculated assuming a molecular cross-sectional area, ~r, of 24.6 A 2 for an ethanol molecule. This surface area value is much lower than that obtained from nitrogen adsorption isotherms, which indicates that nitrogen has greater access to the internal surface of sepiolite 2 than does ethanol, despite the strong polarity of ethanol molecules. However, this interpretation should be treated with caution. The orientation of the ethanol molecules on the surfaces of sepiolite 2 is not known, and the value of ~ may be in error; other workers have used a value of ~r = 35.0 A 2 for ethanol on silica gel (Madeley and Sing, 1959) , which would yield SBET = 301 m2/g for sepiolite 2 if used here. This higher ~ value is not preferred, because penetration of molecules of such size into channels of the solid is much more unlikely. A second reason for caution is related to the possibility of replacement of coordinated structural water molecules by ethanol; such replacement has been proposed for sepiolite by Serna and Vanscoyoc (1979) . If this replacement occurs, the gravimetric measurements underestimate the adsorption of ethanol by the extent of water replacement and loss from the solid. IR measurements offer a more constructive approach to the question of penetration of internal surfaces by ethanol. Serna and Vanscoyoc showed that considerable penetration inside the channels does indeed take place.
Hysteresis effects are also evident (Figure 2 ) above a relative pressure of 0.5, due to capillary condensation of adsorbate in the larger pores or corrugations of the solid. At low relative pressures the adsorption is not reversible, indicating that ethanol molecules may remain trapped in the channels.
Catalysis experiments
The reaction products obtained when ethanol vapor was passed over sepiolite 1 and sepiolite 2 at various temperatures are shown in Table 1 . Results were also obtained for silica and for magnesia as catalysts and are included for comparison. In addition to the products listed, an unidentified aromatic compound was obtained at 250 ~ and 300~ with both sepiolites as the catalyst. Because sepiolite 1 and sepiolite 2 behave similarly in these experiments, their catalytic activity will be discussed in terms of 'sepiolite' as a catalyst in this section. The products obtained indicate that sepiolite acts as a bifunctional catalyst, with activity for both dehydration and dehydrogenation reactions. The dehydration reactions: C2H~OH = C2H4 + H20, and 2C2HsOH = C2H~OC2H5 + H20 are typical acid-catalyzed reactions and take place on catalysts with acid sites, such as alumina and silica.
Hydrogen and ethanal (CH3CHO) may be produced by dehydrogenation:
This reaction occurs on basic sites on magnesia and synthetic silica-magnesia catalysts . At 150~ the reaction over sepiolite is predominantly one of dehydration, yielding water, ethene (C2H4), and diethyl ether (C2HsOCH2Hs) as the main products. At 200~ and higher temperatures dehydrogenation also occurs, yielding ethanal (CH3CHO); this process increases in importance, relative to dehydration processes, as the temperature is increased to 300~ The amounts of ethanal are always small at varying reactant flow rates and partial pressures; at very large contact CH3CHCHCH2OH dehydration CHzCHCHCH2 + H20 (acid sites) (but-1,3-diene) This scheme involves ethanal, but-2-enal (CH3CHCHCHO), and but-2-enol (CHzCHCHCH2OH) as intermediates. To test its applicability in this study, reactant mixtures of ethanol + ethanal and ethanol + but-2-enal were passed over sepiolite. In both tests much more ethanol conversion was obtained than with ethanol alone, though the amount of ethanal in the product mixture remained small. The amounts of ethene and but-1,3-diene showed a marked increase with increasing contact time and with increasing partial pressures of ethanol reactant, which tends to confirm that they are final products rather than intermediates. These results support the scheme outlined above. The appearance of CO2 at the higher temperatures may be due to the decomposition of dolomite impurity in the catalysts.
The change with temperature in the overall catalytic activity of sepiolite for ethanol decomposition is shown in Figure 3 as a plot of the fractional conversion of ethanol to products against reaction temperature for a constant reactant flow rate. The variation probably reflects the decreasing importance of dehydration and the increasing importance of dehydrogenation as the reaction temperature is increased. Schwab and Schwab-Agallidis (1949) found a similar temperature dependence of the competitive dehydration and dehydrogenation reactions of ethanol over a-and y-alumina. They postulated that dehydration occurred in cracks and pores of the catalyst which were destroyed by heating at high temperature, whilst dehydrogenation occurred on the flat surfaces of the catalyst. A similar explanation was proposed by Pines and Manassen (1966) in their review of the dehydration of alcohols over aluminas. When sepiolite is heated in air at temperatures greater than 200~ micropores are destroyed, and the surface area is decreased (Dandy, 1968) . This process occurs at lower temperatures if the heating is carried out in vacuo (Dandy, 1971) . In the reaction conditions employed in this study this process may account for the decline of the dehydration process above 150~ if the reaction occurred in or near crevices, pores, or corrugations in the catalyst surface.
Because, in the temperature range studied, sepiolite catalyzes two types of reaction that are affected in different ways by change of temperature, a more detailed study is required to elucidate the kinetics of the individual reactions. However, an approximate value of the rate of reaction, r, at 250~ was obtained, assuming that at this temperature one reaction process (dehydrogenation) is predominant.
The change in fractional conversion of reactant with flow rate of reactant through the catalyst bed is illustrated in Figure 4a . The conversion increases with increasing contact time (decreasing flow rate). An equation suggested by Hougen and Watson (1943) for plug-flow reactor conditions may be used to calculate the differential rate of reaction:
where w = weight of catalyst, Xi = fractional conversion of reactant, and Qi = reactant feed rate (mole/ sec). A plot of Xi against 1/Qi for ethanol decomposition over sepiolite 2 at 250~ is shown in Figure 4b . Over most of the range, r = 3.8 • l0 8 mole/sec/g. At all temperatures investigated there was great loss of activity with prolonged use of the sepiolite catalyst. This loss occurred more readily at the higher temperatures, possibly because of the higher conversions of reactant. The activity could be regenerated (though not completely) by evacuation of the catalyst at the reaction temperature, suggesting that the loss of activity may have been due to adsorbed compounds produced during the reaction which were removed by evacuation. Washing of used catalyst samples with organic solvents revealed the presence of an unidentified aromatic compound which was a product of side reactions probably involving polymerization and cyclization. These large molecules may be strongly adsorbed on the surface (by interaction of the OH groups of the catalyst with the 7r-bond electron system of the products) or block catalyst channels and prevent entry of more reactant molecules; both processes would lead to the observed decrease in catalyst activity with use.
